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THE STEADY SPIN* 
3y Richard Fuchs and Wilhelm Schmidt 

Notation 

Space axes: 

r\ = space vertical, 

i = space horizontal, here tangent to a circular 
cylinder with axis tj , 

£ = space horizontal, perpendicular to v and £. 

Air axes: 

x = path axis, 

z = space horizontal, perpendicular to x, 

y « axis perpendicular to x and z. 
Body axes: 

x = longitudinal axis, 

y = normal axis, 

jz = lateral axis, 

g = acceleration of gravity (m/s^), 

7 == air density (kg/m 3 ) , 

2i = 20 in thiS report ' 



q. = ~ v 2 dynamic pressure (kg/m 2 ). 
2g 



* " Stati onarer Trudelf lug* " From Luftf ahrtf or schung, Vol. 
Ill, No. 1, February 27, 1929, published by R, Oldenbourg, 
Munich and Berlin, pp. 1-18. 
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The following data apply to Junkers A 35 low-wing 
monoplane: 

G ~ 1600 kg, gross weight, 

IF - 29.76 , wing area, 

b = 15.94 m , sp an , 

t = g- - 1,87 m f mean chord, 

t x = wing chord (ra) , 

fci = 2.20 m, chord at fuselage, 

ta = 1.60 m, chord at wing tip, 

z_ (m) = distance of wing component t T &iz from 

the center of gravity of the airplane S, 

h = C # 42 m, center of gravity from wing chord 
In plane of symmetry, 

r = 0.80 m, center of gravity from leading edge, 

J x =s 300 mkgs r; inertia moment about longitudinal 
axis, 

J 550 mkgs 2 inertia moment about normal axis, 

j = 290 nkgs' ? inertia moment about lateral axis, 
cp (deg«) = gliding angle, 
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a) sin cp , 
u: cos cp, 



03 cos cp cos |JL 



(l/o) 
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All rotations are positive when clockwise as seen in 
positive direction of rotational axes. 

v (m/s) = path velocity, 

Av = fiyj, z (m/s) change in path velocity v due 



p = V C ^ 8 ^ - (m) radius of helix, 



a(deg.) = angle of attack 
|j,(deg # ) = angle of "bank 



to rotation Q-y^ 
f 

1 



as defined in Figure 1 



T (deg.) = angle of yaw, formed by axes x and z 
after rotating about normal axis y, 

Q x* , 

Ace = 57.3 arc tan -y- (deg.) change in a due 
to rotation Q x . 

A (kg), c a = A. lift; in direction of lift axis y x , 

W (kg), c w = -= drag; in opposite direction to 
4* path axis ▼ , 

Q, (kg), c 0 = cross wind force; perpendicular to 

* ^ lift and drag, 

H (kg), c n = ~ m c a cos a + Ct7 sin a normal force; 

^ in direction of normal axis y, 

m 

I (kg) , r- = ~ = c w cos a - c a sin a tangential 

^ J force; opposite in direction 

to longitudinal axis x» 



Mr (mkg) , c ro = -~ aerodynamic moment about lead- 



'o v °' ' -o qPt 

M L 



ing cage, 

\ 



aer odynami c moment 
> about lateral axis z, 



- V2 
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Hit 

tt_ (mkg) , ILr = ~— - olcvctor moment , 



lav 

IU (xnkg) , T? r " ' gyroscopic moment at out the 

sL v 2 lateral axis s, 
g 

Et 

Z T (mkg) , Z T ■ = ~— core dynamic moment about lon- 

L a/b gitudinnl axis x, 



Zp (mkg) , ■ = -jFJ 



If* 



C- a 

I v 



aer odynani c moment of 
kg r/bo" 
s x , 



winr; about longitudinal 

r axi i 



(mkg) , Zq = -^*r- aileron moment about longi- 

* ^ tudinal axis x, 

Kg (nkg) , K 2 = - -njS ■ gyroscopic moment about longi- 

2 v 2 tudinal axis x, 
g 



Lt (mkg) , L T ••• ~r- aerodynamic moment about nor- 

mal axi s y , 

HQ IB 

(mkg) , = — ™ aorodynanic moment of wing 

ab out n o r mal axi s y , 



qFb 



Lq 

(mkg) , : " -*r rudder moment about normal 

* axis y f 

L K (mkg), L K a -5-- gyroscopic moment about nor- 

9-* 3 mal axis y. 

All moments, opposite in direction to the correspond- 
ing positive rotations, aro positive: 

Pjj(dog.) elevator sotting, < 0 displacement upward, 

> 0 11 downward . 

P 3 (deg # ) rudder displacement, 

P H (^cg.) aileron " 
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All control movements producing positive momenta are 
po si tive • 

This report attempts a comprehensive survey of the 
subject of spinning, and constitutes an extension and 
supplement to Fuchs and Hopf 1 s 11 Acr odynamik , " chapter IV. 

Several British reports (references 4 and 5) carry 
the notation that the angle of yaw is relatively small in 
spinning and rarely exceeds 20°. The English have estab- 
lished the effect of side slip for the most necessary 
data in the wind tunnel at angles of side slip t < ~ 20°. 

It is readily seen from Figures 5 and 6 (reference 5) 
that the change in lift and drag with side slip amounts, 
at the most, to 10fo of the corresponding values with no 
side slip so long a,s the yaw does not exceed 20° • 

In Figure 7 (reference 6) cross-wind force eg, 
perpendicular to lift and drag at T = 20° with side slip 
has attained about 10 fo of lift with no side slip. 

The change of aerodynamic moment about the lateral 
axis, due to side slip becomes significant, according to 
Figure 3 (reference 7), even though T < 20°, 

Figures 9 and 10 (references 4 and 3) disclose that, 
as a result of a rotation around the path axis, the roll- 
ing and yawing moments are materially changed, as in 
curves a x with no side slip or aileron displacement, in 
curves a 2 with aileron displacement, and especially in 
curves b with side slip. 

It is seen, for example, with respect to the moments 
about the longitudinal axis for oc ~ 25° that the effect 
of a side slip at T — 9.5° is equivalent to an aileron 
deflection (3q = 5°. 

Thus, the ensuing investigation proceeds from the 
following evidence ! 

So long as T < 20°, the changes in lift and drag 
do not exceed 1D$ with no side slip; the cross-wind force 
amounts, at the highest, to 10)o of the lift. Hence the 
computed v, jj, and CO values for T = 0°, as based upon 
c a» c w an( ^- C Q» will undergo no substantial change for 
any angle of yaw below 20°. 
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But the moments about the "body axes undergo marked 
changes with side slip* On the other hand, the aerody- 
namic moment about the longitudinal axis can be produced 
by a suitably chosen aileron displacement, according to 
Figure 9, and the same applies to the moments about the 
.normal and the lateral axes, as the corresponding eleva- 
tor, rudder, or aileron displacements are introduced. 

When we' bear in mind the fact that side slip and the 
corresponding control movements are identical in effect, 
the balance of the moments about the body axes with side 
slip, is all but revertible to an equilibrium by corre- 
sponding control movements but with n_o. aid o_ s 1 ir) • 

Thus it becomes readily apparent that a study at 
T « 0° is not materially altered when it includes the 
changes in aerodynamic forces and moments resulting from 
side "slip at T < 20°. 

For this reason we repeated our investigation for 
the case of T = 0°, but confined ourselves for the most 
part to the steady spin. 

Calculations on unsteady spinning are made only oc- 
casionally, 77hcre it pertains to a numerical integration 
of the differential equations set up for the equilibrium 
of all forces and moments acting on the airplane, and 
then only to several short equations in order to clarify 
the problem of getting out of a spin. 



The steady spin without side slip postulates: 
Equilibrium of forces in direction of the air axes - 



Path axis 



0 - G- sin y - c^7 q 



(i) 



Lift axis y. : C=| v Ctf-r sin[j,-G- cosO co'sji+c a q ? 
A:;is X * and y x : 0 = | v o)y cosjj, * G- cosq: Biftii 



(2) 



(3) 



Equilibrium of moments about the body axes: 
Longitudinal axis x: - (Jy - Z g) &y ¥>g = - & • 



(4) 



ITormal a::i s jr: - (Jj - J*) :j) x = " L 



(5) 



Lateral axis z: 



(5) 
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The above sis equations embody the five variables: 

cc, |JL| v, cp and u), and reveal in conjunction with T = 0, 
the position of the airplane completely. 

The resolution of equations (l) to (3) yields in de- 
pendence of a and cp, the other three variables \i i v, 
and oo, for which all forces acting on the airplane are in 
b al an ce, 

Applying these values to each one of equations (4), 
(5), and (6) results in a and cp values, at which, by 
equilibrium of s.ll forces acting on the airplane, the mo- 
ments about the respective axis are also in equilibrium. 

If these values of cp and a are plotted as curves of 
cp = f (a) , three such curves are obtained corresponding 
to the three equations (4) to (6). From each of these 
three curves those values of a and cp are found at possi- 
ble intersection points for which the simultaneous equi- 
librium of all the forces and all the moments is satisfied, 
and for which, therefore, the steady spin is possible. 

Our investigations centered around a Junkers A 35 
low-wing monoplane with the latest test data on c a , c w , 
and c m , and for angles of attack up to a = 90°. Un- 
fortunately they were limited to a stationary model with- 
out aileron or rudder displacement and for certain ele- 
vator settings within oc = 0 to a. = 20°. 

The change in lift and drag within this range is 
slight with elevator displacement, as Figure 14 shows. 
In addition, other pertinent data disclosed the aileron 
and rudder movements to be practically without effect on 
the aerodynamic forces, and notably on the aerodynamic 
moment about the lateral axis, so that it is justifiable 
to assume c a and c^, especially at higher a, as con- 
stant for any control movement, and cq as eve.no scent ly 
small at zero yaw. 

According to tho British reports the principal 
changes in forces and moments about tho lateral axis, 
effected by rotation U) occur in the lift and in tho drag, 
as shown, in Figures 11 and 12 (reference 4). Even for 
bo>£ 

values of - — = 0.2 to 0.3, encountered perhaps in a 
2 v 

steep spin at relatively small a, tho cha.nge in c a 



s 
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and c n amounts to ao out 10$ of the values measured 0:1 
the quietly suspended model. So lift and drag may to 
considered approximately constant for the rotations in 
question* 

Figure 13 (reference 7) reveals the relatively 
slight change in moment about the lateral axis when ro~. 
tatcd ahout the path axis at large angles of attack; at 
small a the change is more pronounced and is equiva- 
lent to a small elcva,tor displacement. Sever thelcss, we 
consider c n as "being ahout constant for an2 r value of 

— so that the aerodynamic forces as well ad the aero- 
dynamic moments about the lateral axis may "be assumed 
approximat ely constant, for ail rotations OJ under con- 
sideration. 

As regards the magnitude of the control moments, wo 
were compelled to introduce them for large values of a 
without data on the corresponding control displacements, 
and to refer for small a in part to measured elevator 
setting, and in part to estimated aileron or rudder dis- 
placement * . 

.The wing moments Kp and Lv ahout the longitudi- 
nal and the normal axis were not measured, "but were accu- 
rately estimated "by integration and "by means of curves 
c n and ct with respect to a. The inertia moments 
were defined "by calculation as usual* 



Equilibrium of Forces and 1/Ioments 
in Steady Spin with no S^ie Slip 



Equations (l) to (3) yield the values |j, f v and GO 
dependent on a and cp for steady spin as 

t v 00 v \ 



UL =3 - 57.3 ar c t an [ — - ; ( 7 ) 



V 



a / - L£_S (3) 
v F 7 c- 
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Ihe c a and c w values applying to the airplane 
were taken from Figure 14, while Figure 15 shows 

v a /- 1075 siaJEL 

plotted against a and cp. T^e path velocity rises with 
increasing angle of climb and drops as the drag increases. 

Figure 16 manifests 

00 = / 0.000083 -^-5- 2| 

v cos 2 cp v 

relative to a and p. The rate of rotation increases 
enormously by rising angle of climb and disappears for 
level flight, F 0 r the latter the modified equations (la) 
to (3a) are valid: 

0 - - 6 sin Cp - c w q F (la) 

0 = - O cos cp cos |jl + c a q F (2a) 

0 = G cos cp sin \i (3a) 

Cry 

as a consequence of which LL ~ 0 and tan cp = ~ — - . 

c a 

Figure 17 exhibits tan = - — , as well as the 

c a 

corresponding values of cp referable to a, so that 1 a 
may be read from Figure 17 for certain values of cp where 
Ol) = 0. 

The introduction of constant values 00 other than 
zero into equations (l) to (3) yields cp (oj = constant) 
(fig. 17) with respect to a, which were taken from 
curves CO plotted against a and qp in Figure 16. 

f -XT' A 

Figure 18 shows |i = - arc tan i XS ; with respect to 

a and cp # Even in a flat glide the angle of bank becomes 
very pronounced at the usual angles of attack, while an 
airplane already inclines quite steeply in ordinary curve 
flight. When U) = 0 , |I disappears. 

To compute the gyroscopic moments the rate of rota- 
tions o) x> U)y and b0 2 are necessary. 

Conformably to Figure 15, Ci) does not become appre- 
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ciable at Small gliding angles; out when those angLes be- 
come large, fx become 8 largo also, according to Figure 
18, in which case 

~ - oj cos a 
: a)y ~ w sin a 
CD a a 0 , 

which, geometrically speaking, moans: 

tfc can indicate a straight line placed in the sym- 
metrical plane of the aircraft, which passes through its 
center of gravity j forms angle a with the longitudinal 
axis and is parallel to that of the space vortical about 
which rotation W is set up. Iho distance of tho space 
vertical from this straight lino is 

p « ^ cos $ 

— 0 

?or the case of v — > - 90 , we find cjo ob , ac- 
cording to (9) while v (according to (8) ) reveals a 
tendency toward a fixed value, so that distance P "be- 
comes very minute and rotation 00 is almost .around tho 
a"bove straight lino. -hen the greater a bocomos tho 
more this straight l£iio< is coincident with tho normal 
axi s 9 

In Figure 19 the rate of rotation for U>xi ®y 
Q) 2 is given for c? = ~ 85°, -80° and -75°. It will be 
noted that rate of rotation U)- about the lateral axis 
is always very low, that rotation oj x about the longitu- 
dinal axis predominates at small a," - and rotation (by 
about the normal axis when (X is high. 

The equilibrium of the moments 

a) about tho lateral axis is "based upon: 

(J x - Jy) (&g U)y - Mr 

negative gyroscopic moment (- tfar ) « aerodynamic moment 
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With the nondimensional Mir = -r inserted, we ob- 



I V 



(j x ^ J y) frt s 



(cos cp cos LI sin a + sin- cp cos a 
g (cos cp cos |i cos a - sin 9 sin a), 

which may "be seen on Figure 20 in relation to a and Cp # 
Ihe gyroscopic moments do not appear until the gliding 
angles are very high, and become very pronounced when 
c? > ~ 85°. 

The aerodynamic moment, defined as Mt = C w q TP t 
on tne leading edge of the stationary model in the wind 
tunnel and reproduced in Figure 14 with r.ospect to a 
was replottod for moment Mt a"bout the lateral axis and 
expressed in the same nondimensional form as Jig, that 
is, we substituted 

— L = = °- 01? c n for ^ s lit 

g V 

Figure 20 shows |Jt plotted against a for various 
additional elevator moments 

LL. = — A - 

g 

constant at any a, to which at small a a given eleva- 
tor setting j3g corresponds. It is noted that curve 
(- Kg) , referred to a and cp, and curve referred 
to a intersect in several points for which (Mj[) = Mt ; 
that is, where the moments about the lateral axis are in 
"balance • 

P) The equilibrium of the moments about the longi- 
tudinal axis is expressed "oy 

(Jy ~ Jz) 0)z * E L 

negative gyroscopic moment (~ Kjr) = aerodynamic moment 

The rotation (i)<g about the pa,th axis induces wing 
moments about the longitudinal axis exceeding by far any 
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eventual ail or on moment Kg* A damping momont of the 
vortical tail group as occurs "because of rotation oj x 
about the longitudinal a^ci s , may he disregarded. 

The integration estimates the aerodynamic moments of 
the wings at 

• I[ F a b J c n <<* + **• v + ^ 2i ^oF To/ *" " d 1 

In particular, c^ (a + Aa, v + Av) hero signifies 
that c^ is affected by a and by its ef footed change 

i$ m z 

through Acc = 57.3 arc tan - bbcauso of rotation 

U)^, further by spoad v and its change through 
Av = cjc- r x because of rotation u)j ri . 

The integral was graphically determined against a 
and q> so as to include any value of jjpg. 

To give the reader a picture of the method employed, 
we include Figure 21 as typifying the distribution of the 

nornal force over the wing; c^ (L^^Aj^ t x is plotted 

n vdo s A a/ 

against wing span z_, -There the integral evaluates pre- 
cisely = 0. How it becomes evident that for 
Cp - - 30° and a - r 27°, the wing momont about the lon- 
gitudinal axis is zero notwi thst an ling the prevalent rota- 
tion COg. 

Figure 22 affords K~ — against a and V, and 

7* qFb 

the possibility of positive and negative wing moments. 
They disappear when = 0 (the relevant points may be 
called outer sero points), the a values pertinent for cp 
may be taken from the curve of Figure 17. For slow rates 
of rotations bL, where &0C too is small, the integral 
obviously becomes evanescent at values of a for which 
curve c n , referred- to a in Figure 23, exhibits an ex- 
treme value, namely, point G for a = 14° and point II 
for a = 32°. Moreover, it is positive or nogative ac- 
cording to whether is > or < 0. 

In keeping with this, small 9 values, for which, 
consistently with Figure 15, the rate of rotation W 
as well as Acc are small, have, apart from the two outer- 
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also one or two inner points G- and K; in addition, for 

dc 

a < 140 an & a > 32°, where ^~ > 0, only negative 
wing moments, and for cc > 14° and a <32°, where 
> o, only positive wing moments occur. As Q and 

da 

thereby Aa "become larger, the positive moments become 
more and more evanescent, the zero points G- and H con- 
tinue to come closer together and to assume still greater 
values of a, until cnly negative moments appear. 

With the gyroscopic moment Kg expressed nondimen- 
sionally 

rr 



g 

we have : 

(J j z ) ^ ' % 

X - _ — fey. — (cosO cosp, cosa -sm'p sina) cose? sm|j,. 

g 

In conformity with Figure 19, the gyroscopic moment 
is dependent on the always small rotation U) 4 , hence is 
itself very small, as indicated on Figure 24', and may he 
neglected with respect to K^. 

As a resvilt, our assiampti on is sufficiently precise 
when it presumes the moments about the longitudinal axis 
to be almost in balance for those values of a and cp for 
which the moments of the wings disappear, or in other 
words, for the zero positions of curve I£p with respect 
to a and <p, at least so long as no aileron displacement 
o c cur s . 

T^e insertion of an aileron moment, constant for any 

a, 

rr 

Zq = — g =* ± 0.01 
— ^ q?b 

rather corresponds at a - 0° to a (3q = - 4° aileron 
deflection, but at higher a to a much greater deflec- 
tion, so the abscissa of the curves must be shifted par- 
allel to itself, upward and downward, respectively. 
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7) The moment equilibrium about the normal- axis is 
expressed by equation 

( J z ~ J x) ^x = L ^ ■ 

negative gyroscopic moment (- Ltj) = aerodynamic moment L T , 

The rotation GO— about the path axis induces wing 
moments, which, aside from a rudder moment and from the 
far from negligible damping moment of the fuselage and 
the vertical tail group,- such as a rotation (% about 
the normal axis sets up, constitute the principal mo- 
ments acting about the normal axis. 



Evaluated by integration, the wing moments are 
/c t (cc + A« f v + Av) ( T c t^^ % % z d z , 



D 



which, in Figure 25, are plotted with reference to a 
and cp in the nondimen si onal form of • 

L . hi. 

qF b 

The outer zero positions are valid for CO == 0, the inner 
when the integral disappears, i.e., first at small cp 
and & for points K apd J of c^rvo c+., as plotted 

dc-f- 

against a in Figure 23, where = 0. The wing mo- 

ments become positive or negative according to whether 
dc+j 

da" < or > °- 

The zero points K and J tend toward higher a 
and come closer together as cp increases. At very high 
a the moments about the normal axis become quite small. 

The gyroscopic moment Ljj = - (J z " ° T x) ^ 
may bo disregarded with respect to Lp. 

As a result the moments about the normal axis arc 
practically in balance for those a and.Cp at which I> v 
disappears, i.e., for the zero points of the Lp curves 
referred to a and 9 at least as long as there is no 
rudder displacement, and the damping moments of the fuse- 
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lage and of the vortical tail surfaces due to rotation 
(tiy about the normal axis arc disregarded for the' pres- 
ent owing to. tho lack of exporimontal data. 

With an added rudder momont, constant for any a, 
we have : i:\ „.'.;••■'■ 

• .* .•'.''."¥'.. . ' . »• r » * . i v . . •. 

&q = -ft ;:== ± 0.01, •. 

which at a = 0°, is practically equivalent to a 
p s = ± 20° rudder di splaccment , but at higher a to one 
decidedly higher; thus the abscissa of the curves must bo 
shifted parallel downward and upward, respectively. 

The damping moment 8 of the fuselage and of the verti- 
cal tail group, induced by rotation x y about the normal 

.axis, pi ay a very important part in th"c moment equilibrium 
about tho normal axis and must not be ignored. If the 
vortical tail group*, and particularly the rear end of the 
fuselage, present a 1 ar gc area relatively remote from the 
normal axis, they may in fact become just as high as the 
'.ring moments" Ly, and' oven surpass them at largo &• 

liithorto our study defined the values for -a and cp 
at which the forces and - moment s about the throe body axes 
were in equilibrium, as exhibited in figure 26 for the 
special case of [3q and j3g = 0° with cp plotted 
against a, disregarding the damping caused by the fuse- 
lage and by the vertical tail unit. Curve a comprises 
those values of a and y for which, if a) = 0, all 
forces acting on tho airplane are in equilibrium and, 
since the moments must also be in equilibrium if the spin 
is to-be steady, where all curves of the moment equilib- 
rium must start on this curve a # The b curves divulge 
the equilibrium of the moments about the lateral axis 
with th® respective elevator moments. 

As long as rotation :jj remains small, i.e., for rel- 
atively small qp as shown in Figure 17, there are practi- 
cally no gyroscopic moments (see fig. 20), so that, for a 
given elevator moment, those about the lateral axis are 
in equilibrium for those values of a which Figure 20 re- 
veals as zero points on the' Jl* curve referable to a. 

Consequently , curve b x must begin at point A on 
curve a' and which further belongs to an angle of attack 



IS 
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a - 12°* For tko coordinates of this point, that is, for 
cp = ~ 7.5° a&d a = 12°, and for those alone , a steady 
spin is possible without elevator di splacomcnt . Points 
B and C are defined in the sane manner. 

The greater the gliding angle Cp and thereby rate of 
rotation U), the greater the gyroscopic moments and the 
greater the tendency of the intersections of the lir and 
the (Mjr) curves toward higher angles of attack (fig, 
20), thus deflecting the "b curves more and more to the 
right . 

At relatively small a and cp the "b curves are 
quite far apart for different elevator moments, "but come 
quite close to one another when a and cp assume large 
value s. 

The d x and the e x curves pertain to the oquilib- 
rium of tho moments about the longitudinal and the nor- 
mal axis, respectively, by zero control displacement. 

How we add an aileron moment, constant for any a, 
to those about tho longitudinal axis of Figure 22, and 
obtain now zero points on tho En curves with respect to 
a and cp, whoso coordinates are shown in Figure 27 as 
new curves d with parameter Kq. 

It is soon that the d curves arc far apart while 
a is relatively small, and continue to approach one an- 
other at high a as cp becomes larger, 

A similar study reveals the c curves in figure 28 
by rudder moment Eg, At large angles of attack this 
moment is usually very small, making any equilibrium for 
a and cp values other than the wing moment impossible, 
at least so long as the damping moments of the fuselage 
and the vertical control surfaces arc disregarded. Those 
damping moments may become comparatively largo, thus mak- 
ing a moment equilibrium possible only for a small anglo 
of attack. 

A glance at Figure 26 discloses the fact that curves 
b, d and e, even when disregarding tho damping moments 
of the fuselage and of the vertical tail surfaces, never 
intersect in one single point if no control movement oc- 
curs. The result is that as far as concerns the A 35, a 
steady spin is impossible without control displacements. 
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However, it is quite possible to force such an in- 
tersection point as, for instance, by a slight negative 
elevator displacement p s = - 3° which yields point E . 

Any steady curve flight is possible depending on the 
chosen control movement - at least, for comparatively low 
angles of attach. However, at very high angles a, say, 
near point 3T, the b, d and e curves most probably 
never meet in one point; but, since the curves are so 
close together, and there prevails at least an almost 
perfect balance of forces and moments, we shall designate 
such as "approaching steady" spin. 

When the possible curve flight is very steep and the 
respective angle of attack is above that for maximum 
lift, we ordinarily speak of "spinning" and we distin- 
guish the "steep" from the "flat" spin, according to 
whether the angle of attach is near that for maximum lift 
or very large. 

The tendency of an airplane to spin depends on the 
mass distribution, the shape of the wing structure, the 
position of the center of gravity, the area of the ex- 
posed fuselage and the vertical tail group and its dis- 
tance from the normal axis. 

Hopf (reference 2) has already pointed out (see 
reference 1, chapter IV) that the mass distribution pre- 
dicts the magnitude of the gyroscopic moments (J x - Jy) 
0)g and thereby the moment equilibrium about tEe laf- 

er al~~axi s . 

Assuming the mass distribution so changed that fac- 
tor (J x - Jy) , and thereby the gyroscopic moments, in- 
crease to double and to half the value, yields the ci 
and c 2 curves in Figure 25. 

The b and c curves bespeak a less pronounced de- 
flection as (J x - Jy) decreases. If it wore possible 
to so design an airplane that J x ss Jy, it would theo- 
retically preclude the incoption^of any gyroscopic mo- 
ment about the lateral axis; the b and c curves would 
run parallel to the ordinate axis. For very small 
^x ~ Jy ^ ne "b curves would not deflect to the right 
until very high gliding angles were reached but would 
then deflect that much sharper, and become <p ^ - 90° 
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for higher .a, thus moving a considerable distance away 
from the other d and e curves. 

The result would "be that at small J x - Jy curvi- 
linear flight would "be impossible for angles oF attack 
above those attainable in level flight but not as yet 
belonging to a flat spin. 

Thus it becomes apparent that spinning may be pre- 
vented more or less completely, at least for an average 
range of a, by judicious mass distribution. 

We have seen that "a rotation about the path, the" 
longitudinal, or the normal axis may engender positive 
and negative wing moments. It is not easily conceived 
how the moments about the normal axis with respect to 
those about the longitudinal axis can be disregarded, as 
is done quite frequently. For a glance at Figure 25 re- 
veals them of almost the same magnitude as the positive 
moments aboiit the longitudinal axis in Figure 22. 

However, we confine our study to the moments about 
the. longitudinal axis and merely add that the same is 
equally applicable to the normal axis. 

Figure 22 unfolds zero points on the curves 
plotted against a and cp, for angles of attack beyond 
those of maximum lift and for whose coordinates the mo- 
ments about the longitudinal axis are in equilibrium. 
How compare the d x curve cf Figure 2S for the case of 
zero aileron moments: 



a, 



equilibrium of forces 
ii (i ii 



in straight glide 
and moments 



*3. 



about lateral axis 
ii ii ii 



II 



Cl , 
C;2 , 



ii 



tt 



II 



II 



01 > 



longitudinal axi s 
normal axi s 



0 




-0.0011 (displacement upward) 




+0*0010 ( 



11 



downward) 



IT.A.C.Ao Technical Memorandum N 0v 630 



19 




0 and double gyroscopic moment, 




0 and half gyroscopic moment, 




0, 




0. 



The possibility of spinning, i.e., of a more or less 
complete balance of forces and moments in stalled steep 
curve flight depends on the existence of one intersection 
point each from the three curves b, d and o by corre- 
sponding control moment as parameter. Because this is im- 
possible when, for example, curve d is not present, 
it is merely necessary to prevent the appearance of the 
inner zero points on curve K. v with respect to a and 
Cp, even for any possible aileron moment to make spinning 
absolutely impo ssible . 

We have seen that the wing moments about the longi- 
tudinal axis are dependent only on the shape of curve c n 
with respect to angle of a.ttack, and that for small u 
these moments are negative or positive according to 
dc n 

whether > or < 0. Only negative moments prevail 

* da 

when the c n curve, valid for each wing section parallel 
to the plane of symmetry, continues to rise with increas- 
ing a. This depends on the shape of the wing, and thus 
constitutes a second means for limiting the chances of 
spinning. 

Even if it should prove impossible to completely 

avoid a c n of the wings alone, it should at least bo 

max 

endeavored to have this occur at the highest possible a 
and yet not too high, in order to prevent as much as pos- 
sible a drop in the c n curve when a assumes large 
value s . 

Another successful method for combating the possi- 
bility of spinning lies in the constructive development 
of the airplane with respect to the position of the cen- 
ter of gravity, which in the A 35 is 0.36t aft of the 
loading edge, that is, relatively far back. The result 
is that in level flight, for instance, even by zero ele- 
vator displacement, the airplane does not attain equilib- 
rium before fairly large angles of attack have been 
reached and the airplane can be stalled considerably. 



20 



N.A.C.A. Technical Memorandum Ho« 630 



Consequently the b curves arc easily made to intersect 
curves d and o in 0:10 point. 

Shifting the center of gravity extremely far forward 
renders this stall very difficult to reach. As last and 
final ant i spinning method expounded in this study, we men- 
tion the shape of the fuselage and of the vertical tail 
group. With the sides of the rear fuselage, and the area 
of fin and rudder as large as possible, relatively large 
damping moments are invited, which, in particular, may 
make a flat spin very improbable. 

Aut or 0 tat i on 

In view of the fact Inati in a spin the rate of rota- 
tion U) v with respect to oo^ is very low, the result- 
g 1 

ing aerodyn?.mic moments will always show satisfactory 
agreement with practical experience when the neasur ement s 
ar e rna-d e as foil 0 w s . 

The model is mounted on an axis A3 passing through 
its center of gravity and placed in its plane of symmetry 
no that any angle of attack may be obtained and the mo- 
merits about the body axes can he measured direct. 

Then axis A3 is suspended in the wind tunnel so as 
to he always in the direction of the air flow and so that 
the model is actually able to execute the desired rota- 
tion Since wo did not make such measurements on the 
model of the A 35 we interpreted mathematically; the K p 
and Ins, curves shown on Figures 22, 25, 29 and 30, plot- 

hco x 

tod against a and cp , and against a and 5-^1 respec- 
tively. 

The zero points of these curves reveal those values 

of a and for will eft the aerodynamic moments about 

the longitulinal and the normal axis are in equilibrium, 
whereby the abscissas are shifted parallel to one another 
for existing aileron and rudder moments - constant over 

bw x 

any 

The fffeS values thus obtained are shtown for moment 

2 v 

equilibirum about the longitudinal axis on figure 31, 
plotted against angle of attack a. 
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It discloses, for the case of zero aileron moment, a 
curve similar to those known from the ordinary autorota- 
tion tests. Apparently several equilibrium positions are 
feasible for one and the same a, which is only attribu- 
table to the shape of curve c n with respect to the an- 
gle of attack a of the wings. 

As regards the stability of the equilibrium posi- 
tions of the curves plotted against a and 
in Figure 29, a discussion of equation 2 v 



J 



X 



j-f - (Jy - Jj) U y = ~ % 



(equilibrium of moments about longitudinal axis) dis- 
closes: 

If several equilibrium positions prevail, one must 
always be stable, the other unstable, according to 
whether 



d K F 



> or < 0. 



V2 v/ 

bo) 



Applied to curve ^~ plotted against a in Figure 
31 it postulates: 

For small angles of attack up to a = there is 

but one single position of equilibrium where PjSg = Q; 
aut orot at juon would not set in. 

An angle a > 14° has for a certain a, aside from 
the equilibrium position 

bo>- 

— a = 0 
2 v 



still a second which, conformably to the general discus- 

sions, is stable, while jy-^ = 0 becomes unstable. 
Here autorotation would set in. 

Beginning at a = 32°, there are, aside from ]^£j=0 

2 v 

two more equilibrium positions, of which since the top- 
most is always stable and the positions alternating].? 
stable or unstable, the lowest ^'fx n is stable again. 
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At a f= 55° a special position H (see fig, 29) 
appears, in which one stable and one unstable posi- 
tion of equilibrium coincide. 

A comparison with the c n curve plotted against a 
in Figure 23, discloses: 
box, 

The g— * = 0 values relate to stable equilibrium 

positions so long as ^SR >0, and to unstable positions 

an 3. a 

when 2£S. < 0. 

da 

G and H on Figure 31, the points of transition from 
stability to instability and vice versa, correspond to 
points Gr and H on Figure 23; that is, to the extreme 
values of the c n curves with respect to a, for which 

SET 7 °- 

Hence the important conclusion: 

boo 

The ranges of a for jr-^ » 0, stable or unstable, 
or in other words, where autorotation about the longitu- 
dinal axis would or would not occur, can forthwith be 
read from the c n curve referable to a. So long as 

> 0, the equilibrium position g~ = 0 is unstable, 

i.e., autorotation sets in. But, when JS& > 0, £5X « 0 

da 2 v 

is stable; autorotation cannot sot in, 

When we introduce an aileron moment Kq , constant 

for any STyi the abscissa in Figure 29 must be shifted 
parallel upward or downward, according to whether Kq is 
negative or positive. In this manner we obtain the new 
equilibrium positions shown on Figiire 31 against a with 
K~ as paramo tor • 

A positive aileron moment, that is, one which in or- 
dinary flight would turn the airplane still more in a 
turn, extends the range of autorotation, while a negative 
moment decreases it. 

Figure 32, taken from a British report (reference 8) 
reveals similar curves for a biplane. Here, however, it 
was not, as above, a question of equilibrium of aerody- 
namic moments about the longitudinal axis, but about the 
path axis. 
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Figures 33 and 34 (references 7 and 9), also taken 
from a British report, apply to the moment equilibrium 

about path axis x, about which the rotation U) x oc- 
cur rod , 

Wing gap, stagger, docalage and aileron displacement 

effect in general a change in mutual interference, hence 
in aiitorot at ion. 

Increased -wing gap, positive stagger, top wing ahead, 
positive decalage and aileron displacement, which ordi- 
narily would force the airplane out of the curve, are 
conducive to the diminution of magnitude and range of au- 
torotation. 

Effect of elevator displacement in steep and flat 
spin: . \ 

It is generally conceded that any control displace^ 
men t in a steep spin effects an immediate and powerful 
disturbance of the prevailing flight attitude, "but tha,t 
all control displacements are obviously ineffective in a 
flat spin. Pushing the control stick forward is the "best 
me an 8 i If any, to recover from the spin. These facts 
agree very well with our calculations, 

For the steep, spin curves b, d and o in Figure 26, 
reveal distinctly oppressed intersections which prevail 
for well-defined control di splacoment s only; the curves 
for the corresponding control displacements are, more- 
over, far apart. 

In a flat spin the conditions are different. Dis- 
tinct intersections on the throe curves b, d and e are 
most likely altogether precluded; the curves for all con- 
trol displacements are very do so together. 

So in order to prosago the manner, and more partic- 
ularly, the time interval during which the momentarily 
present flight attitude is changed, wo made several cal- 
culations on unsteady flight. Wo limited oiirselvos to 
the effect of a positive elevator displacement (pushing); 
02100 in a stoop, perfectly steady spin, then in a flat, 
"approaching rteady" spin - (E and F on Figure 26), 
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We defined the two flights as follows: 





a 




T 




V 


00 


S 

numb e r 
of 
turns 


Ph 


Pq 


Ps 


Steep 
_sp_in_ 
Flat 
spin 


17.0 


-85,4 


0 


-67,5 


61.8 


1.96 


3.2 


-3 

0 


0 


0 


64.0 


-84.2 


0 


-87.0 


28.9 


3.32 


1.9 


0 


0 



We started with the differential equations defining 
the equilibrium of all forces and moments acting on* the 
airplane; then we introduced an additional elevator mo- 
ment Mg = + 0.0021, which corresponds to a |3jj = + 10° 
elevator displacement at small a. This was used to dis- 
turb the "perfect" as well as the "approaching perfect" 
position of equilibrium in the steady and in the flat 
: spin. 

numerically integrated in l/20 and l/%0 second in- 
tervals, the differential equations revealed the data 
graphed in figures 35 to 37. 

In a stoep spin a push on the control stick effects 
an. instantaneous and powerful change in flight attitude. 
The angle of attack, in particular, promptly assumes a 
normal range, and the rate of rotation u) drops very 
quickly, (Reference 10 •) 

In a flat spin the effect of "pushing" is altogether 
different. T^e gradual and seemingly periodic change in 
angle of attack is striking. An equally periodic change 
in all other variables is bound up with it, so that the 
airplane, if at all able, would assume another and, above 
all, normal attitude of flight only very slowly. The 
fact that pilots who went into a flat spin unintentional- 
ly were able to got out of it again by al ternat ingly 
pushing and pulling in the tempo of the ensuing vibra- 
tions, seems to bear out our contention. 
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Conclusi on 

With the object of further clarifying the problem of 
spinning, and to suprjleruent and extend the data in F u chs 
and Hopf ! s , n Aerodynamik , " Chapter .IV (reference l) , the 
equilibrium of the forces and moments a,cting on an air- 
plane is discussed in the light of the most recent test 
data. Convinced that in a spin the flight attitude by 
only small angles of yaw is more or less completely 
steady, the study is primarily devoted to an investiga- 
tion of steady spin with no side slip* At small a, 
wholly arbitrary and perfectly steady spins, may be 
forced, depending on the type of control di splacomont s « 
But at large a only very steep and only "approaching 
steady" spins are possible, no matter what the control 
di splacemont s. 

A steep curve flight for which, in addition, the 
angle of attack exceeds even that for maximum Lift., is 
generally called "spin" and we distinguish the "steep 
spin" from .the "flat spin" according to whether the an- 
gle of attack is near to that for maximum lift or very 
large. . . 

From the designer's point, of view, the spinning ten- 
dency of an airplane can be materially lowered by: 

1) Wing shape: a continuous rise o,f the c n curve 
against a valid for each wing cross section 
parallel to the symmetrical plane. Even if not 
altogether unavoidable, the c n maX should not 
occur until very high angles of attack -have been 
reached, and should only be so large that the 
drop in the , c n . curve is as small as possible 
for high values of a. 

2) Mass distribution: inertia moment J x about the 
longitudinal axis and inertia moment"""" Jy about 
the normal axis should be as nearly all Icq as 
possible. 

3) Position of the contcr of gravity of the air- 
plane: should bo extremely far forward. 

4) Correct shape- of rear end of fuselage and of ver- 
tical tail group: the sides of the fuselage, par- 
ticularly tit the rear 'end, as 'wdll as the area of 
the vertical tail group should be as large as pos- 
sible and be exposed to the air stream in all di- 
re ct ions, 
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It ifl expressly emphasized that these exigencies 
wore set up without regard to any other flight charac- 
teristic, and merely from the point of view of prevent- 
ing as far as possible, the entry into a spin, 

A sttidy of the effect of control displacements in 
the discussed spinning attitudes reveals that the steep 
spin, in contrast to the flat - and I think most exhibi- 
tion flights "belong in this class - can be reverted to 
normal flight in very short time and is, for that reason, 
not dangerous. 
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angles and forces. 




Pig. 37 
Models illustrating 
the effect of an 
elevator displace- 
ment in steep and 
flat spin. The ver- 
tical "bars, not re- 
lating to the path, 
denote the inciden- 
tal spinning axes. 
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Fig. 4 

Figs. 2, 3, 4 Three view drawing of Junkers A35 model airplane 
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Figs. 5,6,7,8,3, 10 
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Figs. 5, 6 Lift and drag plotted against a andcp. (Reference 6) 
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Figs. 9 » 10 Aerodynamic moment about longitudinal and normal axis 
plotted against a and t, as well as against cu^ 
about path axis and aileron displacement 3q, (Reference S and 4) . 
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Figs. 11, 12,13.1^ 
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Fig. 13 Aerodynamic moment about 
lateral axis against 
a and against rotation a' x 
about path axis 
(Reference 7) . 
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Fig # lty Lift, drag and aerodynamic moment 
about leading edge of Junkers A35 
with zero aileron and rudder moments against 
a and elevator displacement |3jj. 
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Figs. 15, 16 
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Fig. l6 Rate of rotation against a andcp. 
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Figs. 17, 13 




a and rate of rotation. 




Fig. 18 Angle of bank against a and cp. 
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Pig.19,20 
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Fig. 22 Balance of no:aonts atout longitudinal axis. Aerodynamic moment 
of wing against a and cp. 
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Fig. 21 Distribution of normal force 
across the wing. 
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Approaching steady flat spin 
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cp against cu 
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at> out normal axis 
with corresponding rudder moments, 
cp against cc. 
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Fir. 31 Balance 
of 

momenta about 
longitudinal 
axis for various 
aileron moaents 

b<JU „ 



/ 



plotted 



2v 

against a. 



~5° icp 15°20°25° 3 CP 35°Ho° U5°50°55 c 6cp 



x 



2v 



•3 
.2 

.1 



3 



I 



/ ' / o 
J*/ 



At 



_J J J l L_ 



"io 6 " ao° 36 0 " Uo° 

a 



Fig, 32 Balance of 

moments 
a"bout path axis of 
a wiag j W*J 

2v 

plotted against a 
and Pq. 

(Reference 8) 
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Fig. 33 Balance of moments 
about path axis of 
a biplane; tuu x plotted 

2v 

against a and wing gap, 
(Reference 7) 
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Stagger Decalago Iig*3H Balance of 

moments 
about path axis of 
a "biplane; rate of 
rotation about 
path axis plotted 
against a, stagger 
and dccalago . 
(Reference 9) 
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Fig, 36 



Figs.35»3^ Change in flight attitude due to an elevator moment M H = + 0.0021 

(displacement domiward) in a not dangerous steep and a dangerous til 
spin for zero aileron, and rudder moment* The 5 variables are 
referable to tine. 



